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Assembly of light-harvesting complexes requires synchronization
of chlorophyll (Chl) biosynthesis with biogenesis of light-harvesting
Chl a/b-binding proteins (LHCPs). The chloroplast signal recogni-
tion particle (cpSRP) pathway is responsible for transport of nucleus-
encoded LHCPs in the stroma of the plastid and their integration
into the thylakoid membranes. Correct folding and assembly of
LHCPs require the incorporation of Chls, whose biosynthesis must
therefore be precisely coordinated with membrane insertion of
LHCPs. How the spatiotemporal coordination between the cpSRP
machinery and Chl biosynthesis is achieved is poorly understood. In
this work, we demonstrate a direct interaction between cpSRP43,
the chaperone that mediates LHCP targeting and insertion, and
glutamyl-tRNA reductase (GluTR), a rate-limiting enzyme in tetra-
pyrrole biosynthesis. Concurrent deficiency for cpSRP43 and the
GluTR-binding protein (GBP) additively reduces GluTR levels,
indicating that cpSRP43 and GBP act nonredundantly to stabi-
lize GluTR. The substrate-binding domain of cpSRP43 binds to
the N-terminal region of GluTR, which harbors aggregation-
prone motifs, and the chaperone activity of cpSRP43 efficiently
prevents aggregation of these regions. Our work thus reveals a
function of cpSRP43 in Chl biosynthesis and suggests a striking
mechanism for posttranslational coordination of LHCP insertion
with Chl biosynthesis.
chloroplast signal recognition particle | chaperone | tetrapyrrole
biosynthesis | 5-aminolevulinic acid | chloroplast biogenesis
Photosynthesis is an indispensable process that provideschemical energy to photoautotrophs on Earth. At the initial
step of photosynthesis in plant chloroplasts, specialized light-
harvesting complexes (LHCs) contribute to the conversion of
solar energy into electron excitation, which allows the reaction
centers of photosystem (PS) I and PSII to initiate charge sepa-
ration and fuel the photosynthetic electron transport chain in the
thylakoid membranes (1, 2). In higher plants, the LHCs are
composed of light-harvesting chlorophyll (Chl) a/b-binding pro-
teins (LHCPs) bound to the Chl and carotenoid pigments of
photosynthesis (3, 4). The availability of newly synthesized Chl is
essential for the stabilization and integration of LHCPs into
thylakoids (5, 6). However, free Chl and accumulating metabolic
intermediate have a marked tendency to generate reactive oxy-
gen species in the light (7). Thus, LHC biogenesis requires syn-
chronized synthesis of LHCPs and Chls.
LHC biogenesis is a complex multistep process requiring not
only gene expression and protein synthesis but plastid import, as
well as the targeting and assembly of LHCPs into the photo-
synthetic membranes (1, 8). Within chloroplasts, the mature but
unfolded LHCP is transported into the stroma and integrated
into thylakoids via the chloroplast signal recognition particle
(cpSRP) pathway (9, 10). The chloroplast-specific cpSRP43 in-
teracts with LHCPs and cpSRP54 to form a soluble “transit com-
plex” (11). Interaction of the GTPase domains of cpSRP54 with the
SRP receptor cpFtsY targets the transit complex to the ALB3
translocase at the thylakoid membrane, which mediates the in-
sertion of LHCPs (12). Remarkably, cpSRP43 coevolved with
the emergence of LHCPs in green land plants (13, 14) and is
suggested to be a dedicated chaperone that quantitatively pre-
vents aggregation of the LHCP family in aqueous environments
(15–17).
Chl is synthesized via the plastid-localized magnesium (Mg)
branch of tetrapyrrole biosynthesis (TBS) (18). The first com-
mitted step in TBS is the formation of 5-aminolevulinic acid
(ALA) (19, 20). In both prokaryotic and eukaryotic oxygenic
photoautotrophs, ALA is synthesized from glutamyl-tRNAGlu by
glutamyl-tRNA reductase (GluTR) and glutamate 1-semialdehyde
aminotransferase (GSAAT). ALA synthesis is the rate-limiting
step in TBS and relies specifically on tight control of GluTR
stability and activity (21, 22). Six enzymatic steps convert eight
units of ALA into protoporphyrin IX (Proto), which is then
channeled into Chl and heme biosynthesis by chelation of Mg2+
and Fe2+, respectively.
Recent studies in the cyanobacterium Synechocystis PCC
6803 have demonstrated that Chl synthase (the last enzyme in
Chl a biosynthesis) is located in close proximity to the cpSRP
translocase ALB3 during the biogenesis of PS core subunits (23,
24), suggesting a potential link between Chl biosynthesis and
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LHCP biogenesis pathways. Nevertheless, how the assembly of
Chl and LHCP into LHCs is regulated remains largely unknown.
Here, we show that cpSRP43 efficiently chaperones and stabi-
lizes GluTR. Hence, cpSRP43 not only acts as a chaperone for
LHCP localization but also functions in the posttranslational
control of GluTR to optimize ALA synthesis.
Results
Lack of cpSRP43 Reduces Levels of GluTR and Chl Biosynthesis. To
explore potential links between LHCP translocation and Chl
synthesis, we asked whether cpSRP components are involved in
TBS. We measured the performance of the TBS pathway in
various cpsrp mutants (Fig. 1A), including chaos [cpSRP43 null
mutant (25)], ffc [cpSRP54 null mutant (26)], chaos/ffc (27), and
cpftsy (28). All cpsrp mutants showed retarded growth, de-
creased leaf pigmentation, and reduced accumulation of Chl
and LHCPs (Fig. 1 B and C), as reported previously (29). The
pool of noncovalently bound heme was also significantly de-
creased in ffc, chaos/ffc, and cpftsy mutants, but not in the
chaos single mutant (Fig. 1D). As the rate-limiting step of TBS,
ALA synthesis was drastically decreased in all cpsrp mutants (Fig.
1E), and the flux of Chl precursors, including MgProto, MgProto
monomethylester (MgProtoME), and protochlorophyllide (Pchlide),
was correspondingly decreased (SI Appendix, Fig. S1 A–C).
These results suggest that the dysfunction of the cpSRP ma-
chinery disrupts ALA synthesis, thus reducing levels of all other
TBS intermediates.
To gain more insight into TBS in cpsrp mutants, the steady-
state levels of enzymes and regulators involved in the pathway
were examined. Compared with the other TBS proteins, the
GluTR level in chaos was specifically decreased to ∼76% of that
in the corresponding WT (Ler-0; Fig. 1B). This change is modest,
but reproducible and statistically significant (SI Appendix, Fig.
S1D). In contrast, GluTR amounts were slightly increased in the
ffc and cpftsy mutants; this led to the WT-like GluTR level in the
chaos/ffc double mutant (Fig. 1B and SI Appendix, Fig. S1D).
The altered level of GluTR in the chaos mutant was not due
to perturbed transcriptional regulation, as amounts of HEMA1
mRNA (which encodes the dominant isoform of GluTR in the
photosynthetic tissues) in chaos and WT plants were compa-
rable (SI Appendix, Fig. S1E). In addition, the expression of
GSAAT1 and CHL27 (which encode GSAAT and MgProtoME
cyclase, respectively) were not significantly reduced in cpsrp mu-
tants (SI Appendix, Fig. S1E). Together, these observations suggest
that cpSRP43 has a specific function in the posttranslational
control of GluTR.
Concurrent Lack of cpSRP43 and the GluTR-Binding Protein Drastically
Reduces GluTR Levels. GluTR-binding protein (GBP) is suggested
to function as a scaffold that binds GluTR, promotes synthesis
of ALA, and preferentially directs it into heme synthesis (30).
Previous studies have indicated that GBP interacts with and
stabilizes GluTR, as reduced amounts of the enzyme are ob-
served in gbp mutants (22, 30). We therefore quantified the
contributions of cpSRP43 and GBP to the maintenance of
GluTR using chaos, gbp, and homozygous chaos/gbp double
mutants (Fig. 2 A and B). The chaos/gbp seedlings exhibited
larger plant size than the chaos mutant (Fig. 2A), a chaos-like
ALA synthesis rate (Fig. 2C), and an additive decrease in both
Chl (Fig. 2D) and heme contents (Fig. 2E) in comparison to the
Fig. 1. cpSRP43 modulates Chl biosynthesis in Arabidopsis. (A) Pale-green leaf phenotype of 21-d-old ffc, cpftsy, chaos/ffc, and chaos mutants and their WT
plants (Col-0 ecotype for ffc and cpftsy and Ler-0 ecotype for chaos). (Scale bars: 1 cm.) (B) Steady-state levels of TBS proteins, cpSRP components, and LHC
proteins in the WT and cpsrp mutants were detected by immunoblotting using the indicated antibodies. Ponceau S staining of the large subunit of RubisCo
(RbcL) is shown as a loading control. Chl contents (C), heme contents (D), and relative ALA synthesis rates [E, 184.37 ± 21.20 nmol of ALA h−1·g−1 fresh weight
(FW) for Col-0 and 121.39 ± 3.93 nmol of ALA h−1·g−1 FW for Ler-0] in WT and cpsrp mutants are shown. Data are mean ± SD (n = 4). Asterisks indicate
significant differences compared with the WT plants (**P < 0.01, Student’s t test).
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single mutants. Remarkably, while deletion of either cpSRP43 or
GBP shows only a modest effect, concurrent depletion of both
proteins led to a pronounced decrease in GluTR level (from
76% to ∼37% of the WT amount; Fig. 2B). In contrast, simul-
taneous deletion of cpSRP54 and GBP in homozygous ffc/gbp
mutants only showed a minor reduction of GluTR level compared
with gbp (SI Appendix, Fig. S2), demonstrating the specificity of
the cpSRP43 effect. It is worth noting that cpSRP54 allosterically
enhances the chaperone activity of cpSRP43 (17), and therefore
could indirectly impact GluTR stability. Taken together, these
results reveal a synergistic effect of the chaos and gbp mutations
on GluTR levels, suggesting that cpSRP43 and GBP play distinct
roles in stabilizing GluTR.
cpSRP43 Interacts Directly with GluTR. To test whether cpSRP43
physically interacts with TBS enzymes, we conducted the bi-
molecular fluorescence complementation (BiFC) assay. The N-
and C-terminal halves of the split yellow fluorescent protein
(nYFP and cYFP) were fused to cpSRP43 and target proteins of
interest, respectively, and coexpressed in epidermal and paren-
chymal cells of Nicotiana benthamiana leaves. Complementation
was observed between cpSRP43 and either GluTR or GBP, but
not between cpSRP43 and the GluTR inhibitor FLUORESCENT
[FLU (31)], ALA dehydratase (the TBS enzyme immediately
downstream of GluTR), or MgProto methyltransferase (an enzyme
in the Mg branch of TBS) (Fig. 3A and SI Appendix, Fig. S3 A–D).
Furthermore, the interaction of cpSRP43 with GluTR and GBP
was confirmed by in vivo pull-down and immunoprecipitation as-
says (SI Appendix, Fig. S3 E and F).
To examine the nature of the interactions of GluTR and GBP
with cpSRP43, an in-vitro His pull-down assay was conducted
with purified recombinant proteins. The results showed a specific
interaction of cpSRP43 with GluTR, but not with GBP (Fig. 3B
and SI Appendix, Fig. S4). Thus, the association of cpSRP43 with
GBP observed in vivo likely results from the binding of cpSRP43
to GluTR that is itself associated with GBP. Intriguingly, the pres-
ence of GBP in the pull-down assay reduced binding of cpSRP43
to GluTR (Fig. 3B), indicating that GBP counteracts the GluTR–
cpSRP43 interaction.
The Substrate-Binding Domain of cpSRP43 Binds GluTR and Is
Important for GluTR Stability and Chl Biosynthesis in Planta. Crys-
tallographic and biochemical analyses have revealed two types of
protein interaction domains in cpSRP43: three chromodomains
Fig. 2. cpSRP43 and GBP are cooperatively involved in the stabilization of
GluTR in Arabidopsis. (A) Pale-green leaf phenotype of 24-d-old gbp,
chaos, and chaos/gbp mutants and their WT plants (Col-0 ecotype for gbp
and Ler-0 ecotype for chaos). (Scale bars: 1 cm.) (B) Steady-state levels of
TBS enzymes, cpSRP components, and LHC proteins in seedlings of the
genotypes mentioned above were quantified by immunoblotting using
the indicated antibodies. Ponceau S-stained RubisCo (RbcL) is shown as a
loading control. Relative ALA synthesis rates (C ), Chl contents (D), and
heme contents (E ) are shown. Data are mean ± SD (n = 3). In C–E, asterisks
indicate significant differences compared with WT plants (*P < 0.05, **P <
0.01; Student’s t test).
Fig. 3. cpSRP43 interacts directly with GluTR. (A) BiFC analysis of interaction
between cpSRP43 and GluTR. cpSRP43 fused to nYFP and cpSRP54/GluTR/
ALA dehydratase (ALAD)/MgProto methyltransferase (CHLM) fused to cYFP
were expressed in N. benthamiana after infiltration with appropriately
transformed agrobacteria and analyzed by confocal microscopy 3 d after
infiltration. The cpSRP54 was used as a positive control. The ALAD and CHLM
were used as negative controls. (Scale bars: 10 μm.) (B) GluTR binding to
cpSRP43 is detected by an in vitro His pull-down assay. Recombinant purified
WT His-GluTR (5 μM) was used as bait and incubated with 10 μM GST, GST-
cpSRP43, ΔHis-GBP, or GST-cpSRP43 and ΔHis-GBP. The proteins bound to
His-GluTR were eluted with elution buffer containing 200 mM imidazole.
Input and elution fractions were stained with silver (Upper), blotted, and
probed with the indicated antibodies (Middle and Lower).
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(CD1–CD3) and an ankyrin repeat domain (Ank1–Ank4) be-
tween CD1 and CD2 (9, 32) (Fig. 4A). These domains mediate
different interactions with LHCPs and the other cpSRP com-
ponents. The Ank3 recognizes an L18 motif, a conserved 18-aa
sequence between the second and third transmembrane domains
(TM2 and TM3) of LHCPs (16, 32, 33). CD1, Ank1–Ank4, and a
20-aa sequence located between Ank4 and CD2 form a
substrate-binding domain (SBD), which is responsible for the
chaperone activity of cpSRP43 that protects LHCPs from ag-
gregating in an aqueous milieu (17). In parallel, cpSRP54 and
ALB3 interact with CD2 and CD3, respectively (34–39).
We next asked whether the SBD of cpSRP43 is responsible for
GluTR binding, and whether GluTR competes or cobinds with
the known cpSRP43 substrate LHCP to GluTR. The interaction
of GluTR with either WT cpSRP43 or its isolated SBD was
assayed based on the change in anisotropy of a fluorescein-
labeled loop1-TM2-L18 fragment derived from LHCb5. In-
cubation with cpSRP43 increased the fluorescence anisotropy
of this LHCP fragment, indicating the formation of a complex
between them (Fig. 4B). This complex was presented either
with a nonfluorescent L18 peptide, which competes with the
fluorescein-labeled LHCP fragment for binding cpSRP43 (17),
or with GluTR. The cpSRP43-induced anisotropy enhancement
of labeled loop1-TM2-L18 was effectively diminished by the
L18 peptide, as predicted (Fig. 4 C and D). In contrast, the ad-
dition of GluTR further increased the fluorescence anisotropy of
the preformed cpSRP43–loop1-TM2-L18 complex (Fig. 4 E and
F). Notably, GluTR itself did not bind to the loop1-TM2-
L18 fragment (Fig. 4G). These results indicate that GluTR binds
to cpSRP43 in a manner that does not compete with the in-
teraction of cpSRP43 with the LHCP fragment, suggesting the
formation of a ternary complex between the three proteins.
Importantly, the SBD of cpSRP43 binds GluTR with an affinity
similar to that of the WT cpSRP43 (SI Appendix, Fig. S5), in-
dicating that the SBD suffices for interaction with GluTR. Thus,
GluTR directly binds to the SBD of cpSRP43, and GluTR and
the L18 motif of LHCPs interact with a different binding site of
the SBD of cpSRP43.
To genetically characterize the functional requirement of
various cpSRP43 domains for LHCP biogenesis, Chl synthesis,
and GluTR stability, a series of chaos complementation lines that
constitutively express either WT cpSRP43 or truncated cpSRP43
variants lacking each of the four cpSRP43 domains was generated
(SI Appendix, Fig. S6). Intriguingly, deletion of either CD1 or the
ankyrin repeats in the SBD of cpSRP43 impaired the complemen-
tation of chaos by cpSRP43 (Fig. 5 A and B). In contrast, expression
of either truncated cpSRP43ΔCD2 or cpSRP43ΔCD3 completely
rescued the pale-green phenotype of chaos. The ALA synthesis rate
of the chaos complementation lines correlated with their Chl con-
tents (Fig. 5C). While the different chaos complementation lines
displayed altered levels of Chl accumulation and ALA synthesis,
their heme content remained the same as in WT plants (Fig. 5D),
supporting a direct and specific impact of cpSRP43 on the control
of Chl synthesis. Considering the fact that developing green seed-
lings require ∼100-fold more Chl than heme, it is understandable
that heme synthesis would be much less affected than Chl synthesis
when ALA synthesis is compromised. Consistently, the knockout
mutant of protoporphyrinogen IX oxidase 1 (ppox1), which encodes
the last enzyme in the common pathway to Chl and heme bio-
synthesis, exhibited a severe albino phenotype but had a WT-like
heme level (40).
Fig. 4. GluTR and LHCb5 bind cpSRP43. (A) Schematic overview of cpSRP43 domains. (B) Binding of the loop1-TM2-L18 fragment of LHCb5 to cpSRP43.
Binding was measured by monitoring changes in the fluorescence anisotropy of LHCb5 (G162C) labeled with fluorescein at position 162. The data
were fit to SI Appendix, Eq. 1 and gave a Kd value of 338 nM. (C and E ) Scheme illustrating the effects of a competitor (L18 in D) or cobinder (GluTR in
F ) on the fluorescence anisotropy of the LHCb5 fragment prebound to cpSRP43-SBD. The observed effect of the L18 peptide (D) or GluTR (F ) on the
fluorescence anisotropy of the LHCb5 fragment prebound to cpSRP43 is shown. The data in D were fit to the competition model described by SI
Appendix, Eq. 2 and gave a Kappi value of 1 μM. The data in F were fit to SI Appendix, Eq. 1 and gave a Kd value of 2.6 μM. The SDs of the Kd and K
app
i
values were estimated to be ±10% based on at least two measurements (technical replicates). In G, GluTR does not bind to the fluorescein-labeled
LHCb5 fragment.
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Furthermore, like chaos and chaos/gbp (Figs. 1B and
2B), the complementation lines cpSRP43ΔCD1-OX(chaos) and
cpSRP43ΔAnk-OX(chaos) exhibited decreased GluTR contents
(Fig. 5 E and F). The relative severity of the phenotypes of
cpSRP43 truncation mutants correlated with the effects of these
mutations on the chaperone activity of cpSRP43 (15), under-
lining the important role of cpSRP43’s chaperone function in
ensuring normal leaf pigmentation and GluTR stabilization.
The canonical function of the SBD of cpSRP43 is to recognize
and chaperone LHCPs in the stroma, as well as to facilitate their
localization to the thylakoid membrane (9, 10). In accordance
with this role and with our previous analyses (29), chaos showed
a specific reduction in LHCP levels (SI Appendix, Fig. S7), while
accumulation of core subunits of the four photosynthetic complexes
(PSII, cytochrome b6f, PSI, and ATP synthase) was not affected. In
addition, more LHCPs accumulated in cpSRP43ΔCD1-OX(chaos)
than in either the cpSRP43ΔAnk-OX(chaos) or chaos mutant
(SI Appendix, Fig. S7). Furthermore, 2D Blue Native (BN)-SDS/
PAGE gel analysis confirmed the decrease in LHC contents in
the chaos, cpSRP43ΔCD1-OX(chaos), and cpSRP43ΔAnk-OX
(chaos) lines, as shown by the reduced accumulation of PSII–LHCII
supercomplexes and PSI–LHCI complexes (SI Appendix, Fig. S8).
In contrast, cpSRP43ΔCD2-OX(chaos) and cpSRP43ΔCD3-OX
(chaos) accumulated WT-like amounts of LHCP, PSII–LHCII,
and PSI–LHCI complexes in thylakoids. These observations are
consistent with a previous report (28) and confirm the contribu-
tion of cpSRP43 to the insertion of LHCPs into thylakoids.
cpSRP43 Interacts with and Chaperones the N-Terminal Region of
GluTR. GluTR is composed of multiple functional domains, in-
cluding the N-terminal heme-binding (HBD), catalytic, NADPH-
binding, dimerization, and C-terminal FLU-binding (FBD) do-
mains (22, 41) (Fig. 6A). Its N- and C-terminal domains interact
with different regulators to effect various posttranslational control
mechanisms (18). The HBD interacts with GBP and subunits of
the caseinolytic peptidase (Clp) protease (22), and it has been
suggested that GBP counteracts the proteolytic activity of Clp
protease (22, 42, 43). FLU interacts with the FBD and efficiently
represses ALA synthesis in the dark to avoid overaccumulation of
Pchlide when the light-dependent Pchlide oxidoreductase is not
active (31, 44).
To identify which GluTR domain interacts with cpSRP43, we
conducted BiFC assays. The cYFP was fused to the WT or
truncated GluTR lacking either the HBD (GluTRΔHBD) or
Fig. 5. SBD of cpSRP43 is required for Chl biosynthesis and GluTR stability in Arabidopsis. (A) Phenotype of 24-d-old Ler-0, chaos, and various chaos com-
plementation lines. (Scale bars: 1 cm.) The Chl level (B), ALA synthesis rate (C), and heme level (D) in Ler-0, chaos, and various chaos complementation lines are
shown. (E) Steady-state levels of GluTR and cpSRP43 variants in Ler-0, chaos, and various chaos complementation lines were quantified by immunoblotting
using the indicated antibodies. Ponceau S-stained RubisCo (RbcL) is shown as a loading control. (F) Semiquantitative analysis with Phoretix 1D software
(Phoretix International) of the immunoblots in E from two biological replicates. The relative amounts of GluTR in chaos and various chaos complementation
lines were normalized to the level in Ler-0. In B–D, data are mean ± SD (n = 3). Asterisks indicate significant differences compared with the WT (**P < 0.01,
Student’s t test).
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FBD (GluTRΔFBD), and transiently coexpressed with cpSPR43-
nYFP in N. benthamiana (22) (Fig. 6B). Deletion of HBD abolished
interaction of GluTR with cpSRP43 (Fig. 6B), while deletion of
FBD had no effect on it. Conversely, cpSPR43 interacted specifi-
cally with GluTR-N64–163 containing the HBD and a part of the
catalytic domain (Fig. 6B). In agreement with the in vivo obser-
vations, in vitro His pull-down assays confirmed that the truncated
GluTRΔHBD has a lower affinity for cpSRP43 than WT GluTR
(Fig. 6C).
The SBD of cpSRP43 exhibits an ATP-independent chaper-
one function that prevents LHCP aggregation in aqueous milieu
(15–17). Intriguingly, GluTR overexpression lines of Nicotiana
tabacum or Arabidopsis thaliana did not display a corresponding
increase in ALA synthesis rate; instead, GluTR formed aggre-
gates (45). These aggregates remained insoluble even after leaf
protein extracts had been boiled in Laemmli loading buffer.
Excessive amounts of GluTR are apparently prone to form ag-
gregates owing to an imbalance in protein homeostasis (46).
Using the aggregation-predicting algorithm TANGO (47), two
highly conserved aggregation-prone regions (APRs) predicted to
form stable aggregates (48) were identified in the N-terminal
catalytic domain of GluTR adjacent to the HBD (Fig. 7A and
SI Appendix, Fig. S9).
Fig. 6. cpSRP43 interacts with the N-terminal part of GluTR. (A) Schematic
overview of GluTR domains. (B) BiFC assay reveals that cpSRP43 interacts
with the N-terminal HBD of GluTR. The cpSRP43 fused to nYFP and cpSRP54/
GluTR variants fused to cYFP were expressed in N. benthamiana following
Agrobacterium infiltration and analyzed by confocal microscopy 3 d after
infiltration. The cpSRP54 was used as a positive control. (Scale bars: 10 μm.)
(C) Deletion of HBD in GluTR weakens the binding to cpSRP43, as shown by
the in vitro His pull-down assay. Indicated concentrations of recombinant
purified WT His-GluTR or His-GluTRΔHBD were used as bait and incubated
with 10 μMGST-cpSRP43. Input and elution fractions were stained with silver
(Upper), blotted, and probed with the indicated antibodies (Middle and
Lower).
Fig. 7. cpSRP43 prevents the aggregation of GluTR. (A) GluTR sequence was
analyzed with the TANGO algorithm, which identified regions that are
predicted to be prone to aggregation. The sequences of two APRs (yellow)
are indicated below. (B) Time courses for the aggregation of GluTR-N (black),
GluTR-NΔAPR1 (blue), GluTR-N ΔAPR2 (red), and GluTR-C (green). (C)
Semiquantitative analysis (legend for Fig. 5C) of the sedimentation assay
(based on two biological replicates as shown in SI Appendix, Fig. S10) shows
that cpSRP43 inhibits aggregation of GluTR. (D) Time courses for GluTR ag-
gregation were measured at increasing cpSRP43 concentrations [5 (red), 10
(green), 27 (blue), and 53 (cyan) μM]. (E) Binding of GluTR-N to cpSRP43 was
measured by the ability of cpSRP43 to prevent GluTR-N aggregation. The
data were fit to SI Appendix, Eq. 3 and gave a Kapp value of 13 μM for GluTR-
N. (F) Two-dimensional BN-SDS/PAGE analysis of GluTR allocation in chlo-
roplasts isolated from WT (Ler-0) and chaos plants. GluTR monomers and
oligomers were detected by immunoblotting analysis.
Wang et al. PNAS | vol. 115 | no. 15 | E3593
PL
A
N
T
BI
O
LO
G
Y
PN
A
S
PL
U
S
We therefore explored whether cpSRP43’s chaperone func-
tion acts to mask these APRs of GluTR. APR-dependent GluTR
aggregation was directly monitored using a light-scattering assay
in the presence or absence of cpSRP43. An N-terminal GluTR
fragment (GluTR-N) containing the HBD and the catalytic do-
main rapidly formed large aggregates, whereas deletion of
APR1 or APR2 reduced the propensity to aggregate (Fig. 7B).
Moreover, the purified C-terminal half of GluTR (GluTR-C) is
much more soluble in aqueous buffer than its N-terminal coun-
terpart (Fig. 7B). The different propensities of the various
GluTR fragments to aggregate were independently corroborated
using a sedimentation assay (Fig. 7C and SI Appendix, Fig. S10).
Importantly, the presence of cpSRP43 led to dose-dependent
reductions in the aggregation of GluTR-N in the turbidity as-
say (Fig. 7 D and E) and shifted the majority of GluTR-N from
the insoluble fraction into the soluble fraction in the sedimen-
tation assay (Fig. 7C and SI Appendix, Fig. S10). Analysis of the
light-scattering data yielded an apparent binding constant (Kapp)
value of 13 μM for the interaction of cpSRP43 with GluTR-N
(Fig. 7D), which is consistent with the Kd values determined
above for the binding between cpSRP43 and GluTR using the
fluorescence anisotropy assay (Fig. 4F).
To obtain evidence of the chaperone function of cpSRP43 in
the regulation of GluTR in planta, we examined the formation of
GluTR oligomers and/or aggregates by 2D BN-SDS/PAGE
combined with Western blot analysis. Intriguingly, these ex-
periments demonstrated that GluTR forms detergent-soluble
dimers and higher molecular-weight oligomers/aggregates in
chloroplast extracts. Most importantly, we observed that GluTR-
containing complexes tended to be larger in the chaos mutant
than in WT plants (Fig. 7F). These data corroborate the idea
that cpSRP43 interacts with the aggregation-prone N-terminal
region of GluTR and inhibits its aggregation, thus enhancing
the stability of the protein and promoting its localization to the
thylakoid membrane.
Discussion
The assembly of LHCs requires the synchronization of Chl bio-
synthesis with cpSRP-mediated LHCP transport to ensure the
supply of Chl and LHCPs in stoichiometric amounts, thus min-
imizing degradation of LHCPs and avoiding accumulation of free
photoreactive tetrapyrrole intermediates (7). Previous studies in
cyanobacteria revealed the close proximity of Chl synthase to the
Alb3 translocase and raised the possibility of synchronized oper-
ation of the committed enzymes in Chl a synthesis and those
auxiliary factors mediating cotranslational integration of PS core
subunits (e.g., D1) into thylakoids (23, 24). In this study, the link
between Chl biosynthesis and cpSRP-mediated LHCP transport
within plastids was further investigated. Our data revealed a role
of a cpSRP component in the posttranslational regulation of ALA
synthesis in Arabidopsis.
cpSRP43 Is an Effector of GluTR. To respond to dynamically
changing environmental conditions, plants have evolved a mul-
tifaceted posttranslational regulatory mechanism that adjusts
ALA synthesis to meet varying demands for Chl and heme (18,
49). GluTR catalyzes the initial rate-limiting step in ALA syn-
thesis. The activity, stability, and allocation of GluTR are mod-
ulated by various posttranslational regulators, such as GBP,
FLU, and the Clp protease, which determine the rates of ALA
synthesis for Chl and heme biosynthesis (19, 20, 50). GBP and
the Clp subunits interact with the N-terminal HBD of GluTR,
and GBP counteracts the degradation of GluTR by Clp (22, 30,
42, 43). Furthermore, FLU interacts with the C-terminal end of
GluTR and inhibits ALA synthesis in the dark (31, 44).
Multiple lines of evidence presented here indicate that
cpSRP43 assists to regulate GluTR and ALA synthesis in Ara-
bidopsis (Fig. 8): (i) Of the four cpSRP components, only
cpSRP43 specifically and directly interacts with GluTR (Fig. 3
and SI Appendix, Fig. S3); (ii) concurrent deletion of cpSRP43
and GBP drastically reduces GluTR levels via a posttranslational
mechanism (Fig. 2); (iii) cpSRP43 interacts with N-terminal se-
quences of GluTR containing the HBD, which also provides
binding sites for GBP and components of the Clp system
(Fig. 6); (iv) the SBD of cpSRP43, which is responsible for
chaperoning LHCP (17), directly mediates its interaction with
GluTR (Fig. 4 and SI Appendix, Fig. S5); and (v) the chaperone
activity of cpSRP43 efficiently prevents aggregation of the APR-
containing N-terminal part of GluTR (Fig. 7 and SI Appendix,
Fig. S10). We therefore propose that cpSRP43 contributes to
the control of GluTR content by modulating its folding and
stability in plastids.
A Function for cpSRP43 in Chaperoning GluTR. To perform their
cellular functions, most proteins must adopt a defined 3D
structure. However, many proteins intrinsically tend to misfold
and then aggregate (46). This applies particularly to nucleus-
encoded plastid proteins that contain hydrophobic motifs or
APRs, because they are translated on cytoplasmic ribosomes and
imported into plastids in an unfolded state before they encounter
the proper folding environment at the predestined subcompart-
ment in plastids. This explains why a set of molecular chaperones
is required to mediate the accurate targeting and proper folding
of plastid-localized proteins (1, 51). To carry out its enzymatic
function in ALA synthesis, GluTR forms a V-shaped homodimer
(52). It was previously observed that in Arabidopsis and tobacco,
overexpression of GluTR does not enhance ALA synthesis; in-
stead, the excess GluTR forms aggregates (45). It can be deduced
from this observation that folding of active GluTR requires chap-
erone activity, and that this functional capacity is limited in chlo-
roplasts to maintain a native level of active GluTR.
The chaperone activity of cpSRP43 was long thought to be
restricted to the LHCP family of proteins (Fig. 8, steps 1–2),
based on its evolutionary coemergence with LHCs in terrestrial
green plants (13, 14) and its recognition of the conserved L18
Fig. 8. Model for the twofold function of cpSRP43 during LHCP mem-
brane targeting and integration, as well as in the posttranslational
control of GluTR. In step 1, cpSRP43 recognizes and chaperones newly
imported LHCP. In step 2, LHCP is transported to the Alb3 translocase via
the cpSRP pathway. In step 3, cpSRP43 binds to the N terminus of un-
folded GluTR. In steps 4 and 5, the chaperone activity of cpSRP43 en-
sures proper folding of GluTR (step 4) and prevents GluTR aggregation
(step 5).
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sequence motif in LHCPs (16, 32, 33). However, multiple ob-
servations presented here point to GluTR as another client
protein for cpSRP43. First, the SBD of cpSRP43, which is nec-
essary and sufficient for its chaperone activity (15–17), recog-
nizes GluTR. Second, two APRs located in its N-terminal
catalytic domain promote GluTR aggregation in vitro (Fig. 7 A–
C), and cpSRP43 efficiently interacts with this same domain in
vivo (Fig. 6B) and prevents its aggregation (Fig. 7 and SI Ap-
pendix, Fig. S10). Third, in the chaos mutant, which lacks
cpSRP43, levels of GluTR monomers and dimers are reduced
(relative to WT plants) in favor of larger oligomers (Fig. 7F).
Finally, when cpSRP43 truncation mutants are introduced into
chaos plants, mutants harboring deletions within the SBD fail to
restore WT levels of GluTR (Fig. 5 E and F), ALA synthesis, or
Chl accumulation (Fig. 5 B and C), whereas mutants lacking
domains outside of the SBD still do so. Collectively, these results
demonstrate that cpSRP43 can chaperone a client protein other
than the LHCPs.
In properly folded GluTR, the two APRs are buried within the
catalytic core of the HBD (41). However, GluTR molecules
newly imported into chloroplast are much more susceptible to
aggregation, as translocation across the chloroplast envelope
requires unfolding of preproteins. The chaperone activity of
cpSRP43 could protect the APRs in newly imported GluTR
from exposure to the stroma, thus preventing its aggregation and
facilitating adoption of its active conformation (Fig. 8, steps 3–
4). Since the ternary complex composed of GluTR, cpSRP43,
and the fluorescein-labeled loop1-TM2-L18 fragment derived
from LHCb5 was detected in the anisotropy assay (Fig. 3F), we
could not exclude the possibility that cpSRP43 could chaperone
GluTR and LHCPs in a ternary complex. Furthermore, local
conformational “breathing” or unfolding provides another
plausible scenario in which the APRs in GluTR could be ex-
posed, especially under stress conditions, and cpSRP43 could
also protect GluTR from aggregation under these conditions
(Fig. 8, step 5). The chaperone activity of cpSRP43 could con-
tribute via either or both mechanisms to the control of the level
of functionally folded GluTR.
cpSRP43 and GBP Cooperatively Preserve GluTR from Degradation in
Plastids. Control of protein stability provides another way to
regulate ALA synthesis in chloroplasts. When 15N labeling was
used to measure protein degradation rates in Arabidopsis rosette
leaves, a correlation was observed between the elevated abun-
dance of various TBS enzymes and their reduced degradation
rates (53); this suggests that the regulation of degradation can
modulate levels of GluTR and other TBS enzymes to tune the
rates of Chl and heme biosynthesis. The Clp proteolytic system
was found to mediate GluTR degradation (22, 42, 43). Its se-
lector and chaperone subunits ClpS, ClpF, and ClpC interact
with the N-terminal HBD of GluTR, but not with truncated
GluTRΔHBD (22). Furthermore, GluTRΔHBD exhibited sig-
nificantly enhanced stability in planta compared with WT GluTR
(22). In addition, levels of GluTR are consistently higher in Clp
protease mutants (42, 43). Taken together, these observations
suggest that the HBD acts as an N degron (a Clp-specific deg-
radation signal) that is recognized by the Clp protease to initiate
GluTR degradation, possibly in response to the misfolding and
aggregation of the HBD and nearby APRs (22).
The degradation of GluTR by Clp protease is counteracted by
GBP, which also interacts with the HBD and stabilizes the active
GluTR (22). Consequently, the greater accessibility of GluTR’s
HBD to Clp protease can explain the lower GluTR levels seen in
the gbp knockout mutant. Interestingly, cpSRP43 is shown here
to also stabilize GluTR, and the synergistic effects of cpSRP43
and GBP deletions in reducing GluTR levels further indicate
that the two proteins function in parallel to maintain GluTR
stability (Fig. 2). As elevated levels of ClpC have been detected
in mutants lacking a functional cpSRP pathway, including chaos
and ffc (26, 54), the observed destabilization of GluTR in chaos
may also be attributed to stress responses that up-regulate Clp
levels to cope with the accumulation of misfolded and aggre-
gated client proteins upon loss of cpSRP43.
Nevertheless, the observation that cpSRP43 also interacts
with the N-terminal region of GluTR, including the HBD and
APRs (Fig. 6), suggests a more direct mechanism in which
cpSRP43 functions analogous to GBP and blocks the site rec-
ognized by the Clp protease system. This hypothesis is supported
by in vitro studies showing an antagonistic effect of GBP on the
cpSRP43–GluTR interaction (Fig. 3B), suggesting that GBP and
cpSRP43 compete for overlapping binding sites in the N-
terminal segment of GluTR. It is intriguing that the APRs, lo-
cated near the HBD and buried in the core of folded GluTR,
represent a recognition element that distinguishes the unfolded
and misfolded conformations of GluTR from its active form,
allowing its folding status, activity, and stability to be sensed and
modulated by an intricate interplay between cpSRP43, GBP,
and ClpC.
A scenario for the quantitative regulation of GluTR can be
envisioned that involves the interaction of cpSRP43 with un-
folded GluTR after its import into plastids, which prevents
GluTR aggregation and ensures proper folding of the active
enzyme. In contrast, GBP interacts with folded GluTR and forms
a stable GBP–GluTR complex (41). In addition, a ternary GBP–
GluTR–FLU complex has been proposed (55). Together,
cpSRP43–GluTR and GBP–GluTR interactions provide a ro-
bust network to counteract the degradation of GluTR by the
Clp protease.
Summary: cpSRP43 Coordinates LHCP Transport and Chl
Biosynthesis
Multifaceted posttranslational regulation of GluTR is required
to rapidly adjust the rate of ALA synthesis so as to provide ad-
equate amounts of tetrapyrrole products in response to fluctu-
ating environmental conditions such as changing light intensities.
The dual role of cpSRP43 in transporting LHCP to the thylakoid
membrane and controlling the amount of active GluTR repre-
sents a link between Chl biosynthesis and cpSRP-dependent
processing of LHCPs (Fig. 8). We hypothesize that the ability
of the cpSRP43 chaperone to enhance the proper folding and
stability of GluTR ensures the supply of ALA for the synthesis of
Chl during LHC biogenesis. Modulation of the level or activity of
this chaperone could allow the cell to couple the rates of LHCP
transport and Chl synthesis, both of which are enhanced by the
presence of cpSRP43, and to ensure the supply of stoichiometric
amounts of both components before their coordinated assembly
into the thylakoid membrane. While we currently regard
cpSRP43 as the sole source of this chaperone activity, the in-
volvement of additional chloroplast auxiliary and regulatory
factors in the quality control (activity and stability) of GluTR is
not excluded and is worth examining in the future.
Materials and Methods
Plant materials and growth conditions used are described in SI Appendix,
Materials and Methods and Table S1, together with details of all technical
methods mentioned in the main text.
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